Measurement results for a meandered planar inverted-F antenna (PIFA) loaded with magnetodielectric and dielectric materials are presented. Figures of merit and ways to compare antennas with different fillings materials are discussed. The used magneto-dielectric material is described, the radiation mechanism of the meandered PIFA is studied, and the proper position for dielectric and magneto-dielectric filling is discussed and identified. Identical-size antennas with dielectric and magneto-dielectric fillings are compared at the same resonance frequency using the radiation quality factor as the figure of merit. It is seen, that the benefit from the magneto-dielectric filling material is moderate and strongly dependent on the positioning of the filling.
Introduction
A substrate with lossless and dispersion-free permeability µ higher than the permittivity could theoretically lead to substantially wider impedance bandwidths in patch antennas [1] . However, new artificial and composite magnetic materials have not yet proved their expectations in patchantenna miniaturization. Artificial magnetic materials, such as those based on split-ring resonators, are dispersive by nature, and in case of Lorentzian-type dispersion, patch-antenna miniaturization in terms of improved radiation quality factor is impossible, as compared to a reference design [2] . As opposed to artificial materials, substrates with natural magnetic inclusions can provide reasonably large static values of permeability with relatively low dispersion, and miniaturization is possible [3] .
In this paper we present measurement results of a meandered planar inverted-F antenna (PIFA) miniaturized with a magneto-dielectric material, and miniaturization using conventional dielectric material is used as a reference for comparison.
Modern material manufacturing technology has made possible to design composite substrates with magnetic inclusions mixed with dielectric host materials. Antennas with magneto-dielectric materials are studied experimentally in [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Known magnetic materials tend to be lossy, and in antenna applications the radiation efficiency becomes the main figure of merit in addition to the unloaded quality factor or impedance bandwidth. Previous results in antenna miniaturization and efficiency include [14] [15] [16] .
When using magneto-dielectric substrates in miniaturization, miniaturization is equivalent to a decrease of the resonant electrical size of the antenna at a given operating frequency. A question that should be answered when using novel materials is whether the used material outperforms the traditional miniaturization methods [17] . If we accept that by using magnetic substrates we can, at least in theory, miniaturize a patch antenna without decreasing noticeably the bandwidth, we also have to challenge it against available dielectric material. Good-quality dielectric materials have low loss, but magneto-dielectric materials are typically considerably more lossy. Therefore, both the radiation efficiency and the measured unloaded quality factor must be used when comparing the same antenna with magneto-dielectric and dielectric fillings. This has been done in this paper by using the radiation quality factor as as a figure of merit, where the effect of dissipative losses in the antenna have been normalized away from the results.
The quality factor of a small antenna depends on the operating frequency and the antenna size in addition to effective utilization of the antenna's volume [18] , so one has to be careful when comparing antennas with different fillings. When comparing an antenna with magneto-dielectric and dielectric materials, the quality factor must be measured at the same frequency for both cases.
Moreover, the physical size of the antenna should also be the same. We discuss in this article the necessary conditions for fair comparison between antennas with different material fillings.
Resonant antennas in general behave differently when using magnetic or dielectric materials for filling. This can be understood easily from the field distributions inside antennas. It has been proposed, that in some cases the optimal filling material can be determined from the radiating fields [19, 20] . We discuss how to choose and also position the used filling materials for antennas in general, and use these guidelines for the meandered PIFA under study [21] .
In Section 2, we describe the needed figures of merit and discuss how to compare antennas in practice. Section 3 describes the used magneto-dielectric material and Section 4 presents the antenna under test and the results of the measurements. The measurement results are analyzed and discussed in Section 5 and conclusions are made in Section 6.
Antenna Merits and Comparison
Before we start describing the measurements, we will review and discuss the measured parameters.
The obvious figure of merit for small antenna measurements is the unloaded quality factor, or the radiation quality factor when the radiation efficiency of the antenna is included in calculations.
However, when comparing two small antennas, we must also consider the size or volume, and the resonance frequency together.
Figures of Merit for Small Antennas
First we discuss the figures of merit for antenna measurements. In other words, we define what we want to use when comparing performance of antennas. The radiation efficiency is the ratio between the radiated power P r and the total accepted power P tot . P tot is the sum of P r and the dissipated power P L in the antenna. Using the Thevenin equivalent antenna impedance Z a = R a + jX a and dividing the antenna resistance as R a = R r + R L , where R r corresponds to radiated power and R L to dissipated power, we can write the radiation efficiency as (e.g. [18] ):
Using the Wheeler-cap method to calculate the radiation efficiency [22] , the right-hand part of (1) can be directly applied to find η r from the measured Z a .
The antenna quality factor Q and the bandwidth B of an antenna with a single resonance are related to each other with the voltage standing wave ratios (VSWRs) as follows: If the bandwidth criterion is VSWR < S and T is the VSWR at the resonant frequency, Q can be calculated as [23] 
It follows from (2) , that for a certain desired matching level we should have half the reflection coefficient for the optimal over-coupled resonance. For example, for S 11 = −6 dB matching level, the reflection coefficient should be −12 dB at the center frequency of the resonance.
It has been recently proposed, that the quality factor can be approximatively solved directly from the impedance also for antennas with lossy and dispersive materials: [24, 25] 
although, strictly speaking, the knowledge of only Z a is not enough to find the ratio between radiated, stored and dissipated powers.
When the quality factor is calculated from (2) or (3), the effect of dissipated power in the antenna can be removed from Q by using the radiation quality factor
In practice, when we measure an antenna and solve Q from the S 11 parameter or from Z a , we must use (4) to compare antennas with different η r .
Antenna Filling
Now that we know what to compare in antenna measurements, we must set up rules how we compare antennas with different loading materials. When dealing with small antennas, the wellknown lower limit for the quality factor (e.g. [18] )
can be thought to hold with ka 1. It is calculated from the stored average energy outside a sphere with radius a surrounding the antenna. If we assume that a 3 is proportional to the volume V of an antenna, we can write the minimum quality factor as follows:
since k = 2πf √ µ . Now, it is obvious from (6) that if we compare the quality factors of two antennas, they should have the same volume V and the same operating frequency f . Otherwise it is not possible to come to any conclusion which one of the antennas has e.g. the largest potential bandwidth and comes close to the fundamental limit. In fact, the bandwidth itself is a difficult figure of merit since both Q and the radiation efficiency affect it. Because of this, we favor the radiation quality factor below.
The effect of material filling, partial or full, on antenna performance is not simple. Is has been proposed in [19] that the most beneficial material type can be determined analyzing the radiating currents of the antenna. Next, we summarize the steps needed for an efficient design of a small material-loaded antenna.
i) Identify the radiating fields or currents. For example, in case of patch antennas, most of the radiation is produced by the fringing electric fields at the open ends of the patch. The surface current due to the magnetic field is canceled by the image current below the ground plane, but the magnetic equivalent current from the electric field is doubled.
ii) Determine the fields contributing mainly to the stored energy. If either electric or magnetic field does not provide radiation, it is safe to use dielectric or magnetic materials, respectively, to suppress these fields and make the resonating wavelength larger, i.e. to miniaturize the antenna.
iii) Apply the filling to the right place. If possible, use the filling material only at the place where it has the desired effect. There is no need to use dielectric or magnetic filling in places where there is no electric or magnetic fields, respectively.
Magneto-dielectric materials have, of course, both magnetic and dielectric material responses.
If we use the material in a position with strong magnetic field but weak electric field, we use only the magnetic properties which may be beneficial and not the harmful dielectric properties, depending on the antenna type. When comparing miniaturization using different material types, the comparison should still be fair. By following the aforementioned rules, magneto-dielectric material should be positioned only in the magnetic field, and dielectric material at least in the electric field.
Patch antennas have been studied in [26, 27] with low-loss substrates, and it is seen that the material loading affects not only the bandwidth, but also the current and field distributions inside the antenna cavity and the radiation properties of the antenna. Miniaturization of antennas with with dispersive materials and considerable losses is difficult to analyze, and good analytical models are not available for complicated antennas.
Magneto-Dielectric Composite Material
The magneto-dielectric material for volumetric antenna filling must be a bulk material if a considerable filling fraction is desired in patch antenna applications. One promising candidate is a magneto-dielectric composite material which is composed of mylar substrate and sputtered multi- To reduce the conductivity along the film plane, the glued samples are cut into stripes of 2 mm in width, stacked together and secured by two pieces of adhesive tape as is shown in the figure.
The thickness of the adhesive tape is about 40 µm, therefore the total thickness of the sampled is between 0.5 and 0.6 mm. The concentration of the magnetic constituent in the sample is 3.5%.
The structure of the sample is sketched in Fig. 1(a) .
The microwave performance has been experimentally studied with the strip-line technique [31] . The measured permeability of the sample is presented in Fig. 1(b) , for the frequency range of 130 MHz to 5 GHz. The relative permeability e.g. at f = 500 MHz is µ r = µ r − jµ r = µ r (1 − j tan δ m ) = 5.1(1 − j0.08), where the magnetic loss tangent tan δ m = µ r /µ r . The bulk sample was stacked from a series of laminates so that the magnetic response was isotropic along 
Experimental Antenna Comparison
One of the antenna types suitable for loading with magnetic materials is the patch antenna. However, when examining the permeability curves of the material seen in Fig. 1(b) , we see that the material becomes very lossy when the frequency is in the gigahertz range. In frequencies below 1 GHz, the wavelength is however so long, that a normal λ/2 patch antenna is simply too large for e.g. portable-device applications. Therefore, we decided to use a planar inverted-F antenna (PIFA)
which is a compact version of a shorted λ/4 patch antenna. The size was reduced even further by meandering the patch of the PIFA. Such an antenna could be used e.g. for the DVB-H system, with proper varactor circuit used to tune the antenna over the frequency range [32] .
Antenna Under Study
With the meandered PIFA, the fundamental operation of the antenna can be assumed to be similar to normal PIFAs despite the meander line as the patch element. That is, vertical electric field and Figure 2 : The meandered PIFA dimensions, see also Table 1 . resonating cavity, the fringing electric field is the major field providing radiation.
In addition to the miniaturized cavity size, we want to study the antenna with a small ground plane, that is typically found in portable devices. The chosen antenna for this study is presented in Fig. 2 and the dimensions are seen in Table 1 . The meandered patch and the ground plane form a cavity with the height h p = 8 mm and volume V 0 = 7360 mm 3 . The shorting strip is formed when the meander line is turned down and connected to the ground plane. The patch is fed via a feed probe at a distance x 0 of a few millimeters to the shorting strip so that the desired matching level is obtained. The ground plane has the dimensions 100 × 40 mm 2 .
The shorting strip and the meander line add up to the complexity and make the use of filling more difficult. The vertical shorting strip has a high current that contributes to radiation. The strong horizontal current at the meander line near the shorting strip may also radiate since the distance from the ground plane is considerable, and also the ground plane is not large enough to produce the image current which would cancel the radiation.
The fields of the meandered PIFA were analyzed in detail using Ansoft HFSS full-wave simulator [33] . It was seen, that the radiation is still produced mainly by the fringing electric field at the open end of the patch because of the realized omni-directional radiation pattern oriented approximately along the long edge of the ground plane. Fig. 3 shows the resonating electric and magnetic fields inside the cavity in the xy-plane, at z = 3 mm from the ground plane. The vertical z-directed electric field is strong at the open end of the patch (the left side of the patch in Fig. 3 ), and it is weak near the shorting strip. The magnetic field in the horizontal xy-plane, on the other hand, is concentrated on the right-hand side, near the shorting strip. This configuration with predominating horizontal magnetic field is suited for the magneto-dielectric material with in-plane isotropic magnetic response. Also, since the electric field is vertical throughout the cavity, the conductive Fe-N layers do not provide excessive material losses. The fields near the meandered line are strong due to the small details and distances, and the material losses would become too large with the used magneto-dielectric material. We can conclude that the optimal places for the magneto-dielectric filling is near the shorting strip and for the dielectric filling near the open end of the patch (for the latter case, see [26] ).
Antenna Measurements
After the fields in the meandered PIFA were identified and verified by simulations, prototype antennas were manufactured from copper according to the dimensions in Fig. 2 . Since magnetic loading diminishes the magnetic field, and dielectric does the same to the electric field, the change can also be seen in the ratio of voltage and current (Z = V /I), i.e. in the ratio of electric and magnetic fields, at the feed position. The dielectric loading decreases Z and the magnetic increases it. Because of this, two antenna prototypes were manufactured, one designed to have a reasonable matching with dielectric and one with magnetic loading.
The impedance measurements were first done in an anechoic chamber using a vector network analyzer (VNA). A fixed coaxial cable was used to feed the patch as seen in Fig. 2 and Fig. 4 so that the cable protruded from the long edge of the ground plane. This helps to minimize the effect of the measurement cable on the measured impedance. Then, the same impedance measurements were done using the Wheeler cap to find the impedance without radiation [22] . A cylindrical aluminum cap with 158-mm radius and 148-mm height was used on top of an aluminum ground plane. The antennas were suspended in the center of the Wheeler cap by the fixed cable, and the VNA was connected through the ground plane. The antennas were directed so that the y-axis (see calculate the quality factor Q using (2) and 3), the radiation efficiency η r using (1) and finally the radiation quality factor Q r using (4). The simulations run during the design of an empty antenna gave a very similar efficiency of 84.9%
as the measurements and so acted as a verification for the Wheeler-cap measurement setup. The measured reflection coefficients (S 11 ) for both of the antennas can be seen in Fig. 5 . The reference plane of S 11 is moved numerically from the connector of the cable to the feeding point of the patch.
Next, the measurements for the dielectric and magneto-dielectric filling were conducted as follows. A chosen size and shape of magneto-dielectric material was placed inside the antenna Table 3 : Measurement results for the magneto-dielectric (marked as 'magn') and reference dielectric ('diel') filling scenarios. The quality-factor calculations were done using (2).
Position and height were conducted. The positions and sizes are presented in Fig. 6 and Table 2 . Then, a suitable amount of high-quality Rogers RT/duroid 6002 dielectric substrate was placed in the antenna designed for dielectric loading, in the open end of the cavity where the electric field is highest, since this is the optimal place for dielectric filling [26] . The amount and place of the dielectric material was tuned until the same realized resonance frequency f 0 was obtained as with the magnetodielectric material. Now with the same f 0 for both antennas, the free-space and Wheeler-cap impedance responses for the dielectric-filled antenna were measured, and Q, η r and Q r could be calculated for both antennas. The ratio of the radiation quality factors Q are the radiation quality factors with magneto-dielectric and dielectric filling, respectively. Q rel r can be then used to determine which filling material provides the lower quality factor and wider bandwidth potential.
The measured quality factors for magneto-dielectric and dielectric fillings, Q magn and Q diel , respectively, are presented in Fig. 7 and Fig. 8 . The values are calculated from S 11 and Z a using both (2) and (3), and marked with black-and-white and gray markers, respectively. The requirement of S 11 = −6 dB was used in calculations with (2) . The radiation quality factors can be seen in Fig. 9 and Fig. 10 , and their ratio Q rel r in Fig. 11 . The measurement results for the radiation efficiencies η r and quality factors using (3) are also presented in Table 3 .
The fixed feed cable, which was used to make reliable impedance and efficiency measurements, has however an effect on the impedance. Measured Q magn and Q diel include a small uncertainty Figure 6 : Placements A-D of the magneto-dielectric material. The areas marked with gray show the dimensions of the magneto-dielectric material. The height of the material varies in some cases, see Table 2 . Position B is also used as the optimal position for dielectric filling in all reference measurements.
due to additional stored energy in the cable and due to affecting the stored and radiating field distributions of the antennas. Some inherent uncertainty appear also from the VNA's S-parameter measurement. The error on the radiation efficiencies is estimated to be around ±2% with small miniaturization and relatively low losses, and around ±5% with the highest measured miniaturizations. When calculating and comparing the Q values using (3), a constant bandwidth requirement of S 11 = −6 dB was used. However, the measured reflection coefficients at the center frequency Table 2 for the used placements and sizes. The black-and-white markers are calculated using (2) and the gray markers using (3). Figure 8 : The measured quality factors Q diel for different amounts of dielectric reference filling with the realized resonance frequencies f 0 according to Q magn measurements from Fig. 7 . The black-and-white markers are calculated using (2) and the gray markers using (3).
were not constant with different antennas and filling scenarios (see Table 3 ). This has also a small uncertainty effect on Q. The two antennas under comparison were not perfectly identical due to manufacturing constraints, e.g. there may be some differences in the dimensions. Especially, even the smallest variations in the patch height affects the measured resonance frequency, as do small variations in the feed position of the probe. for different amounts of dielectric reference filling. The black-and-white markers are calculated using (2) and the gray markers using (3).
Discussion
The measured Q magn and Q diel in Fig. 7 and Fig. 8 , respectively, behave as expected. With the magneto-dielectric filling the values are considerably lower due to higher dissipative losses than with the pure dielectric filling. As the effect of dissipative losses is removed, we see the effect of the material response to the quality factors. The measured radiation quality factors in Fig. 9 and . The black-andwhite markers are calculated using (2) and the gray markers using (3). seems to give reasonable estimates for Q. The results from (2) and (3) are within uncertainty limits from each other. With the used antenna type the magnetic response does not lead to bandwidthindependent miniaturization, as it would be expected for e.g. λ/2 patch antennas [19, 27] , but the differences are rather small.
When we examine the individual filling cases of Table 6 , we see the differences for Q r from Fig. 11 and Table 3 . The material blocks used in position A at different heights are positioned in strong magnetic field. As the height of the block increases, f 0 decreases, as does η r . The 4-mm tall magneto-dielectric block and reference dielectric fillings lead to approximately the same Q r as Q rel r is close to unity, but as h increases, the magnetic losses also increase and the reference dielectric provides better Q r . Magneto-dielectric filling in position B, on the other hand, miniaturizes the antenna mostly due to the electric field effect. The reference material has a pure dielectric response, whereas the magneto-dielectric material has both material-type responses. One would expect that the radiation quality factors would produce similar results, but the measured Q Does the magneto-dielectric material perform better in terms of lower radiation quality factor in the studied meandered PIFA? Due to the discussed uncertainties, the observed Q rel r above unity in some cases in Fig. 11 are within the uncertainty limits, so no definitive answer can be given.
The observed decrease in the resonance frequency, i.e. miniaturization, was moderate (8%) for the filling cases that benefit most from the magneto-dielectric material. This suggests that with a more effective material placement and higher values of µ r , the effect would be stronger. With the used magneto-dielectric material, higher values of µ r (higher filling ratio of Fe) would also lead to higher material losses, which in turn would decrease the radiation efficiency. Therefore, with available magnetic materials, we cannot use only Q rel r as the only figure of merit, but in addition the realized radiation efficiency of the miniaturized antenna must be high enough for practical applications. However, we must take into account that the material losses most likely have some effect to the measured Q r through changed field distributions inside the antenna. That is, after the power has been accepted to the antenna volume, the radiated power may still depend e.g. on the filling material and types.
It can be seen from the measurement results that when filling a small antenna partially, positioning of the filling material is crucial for achieving the desired effect. The used magnetodielectric material dictates additional restrictions for the antenna. Also the losses depend on the field configuration. Even small material losses, in addition to the conductor losses, can lead to greatly diminished radiation efficiency of small antennas.
If it would be possible to manufacture materials with adequate magnetic response and low losses in the gigahertz-range, the situation would be different. Since the radiation quality factor of small antennas with fixed volume for hand-held devices decreases as frequency increases, such antennas would tolerate larger losses at higher frequencies.
Conclusion
When measuring and comparing small antennas with material loading, special care must be paid to make the comparison fair. The radiation quality factor as the figure of merit for small resonant antennas and the most beneficial partial filling places for magneto-dielectric and dielectric material samples in resonant antennas were discussed. Measurement results were presented for a meandered PIFA with fabricated magneto-dielectric material and compared according to the presented guidelines to a reference dielectric material filling. It was seen that the benefit from the magneto-dielectric material is strongly dependent on the positioning of the material. The measured benefit is moderate due to low miniaturization ratio with the used antenna type and small volume of the partial filling and also due to magnetic losses. Magnetic materials with higher values of weakly-dispersive permeability and with smaller losses are needed for effective miniaturization of antennas.
